There has been significant progress in personalized drug development. In large part, this has taken place in the oncology field and been due to the ability of researchers/clinicians to discover and develop novel drug development tools (DDTs), such as biomarkers. In cancer treatment research, biomarkers have permitted a more accurate pathophysiological characterization of an individual patient, and have enabled practitioners to target mechanistically the right drug, to the right patient, at the right time. Similar to cancer, patients with substance use disorders (SUDs) present clinically with heterogeneous symptomatology and respond variably to therapeutic interventions. If comparable biomarkers could be identified and developed for SUDs, significant diagnostic and therapeutic advances could be made. In this review, we highlight current opportunities and difficulties pertaining to the identification and development of biomarkers for SUDs. We focus on cocaine dependence as an example. Putative diagnostic, pharmacodynamic (PD), and predictive biomarkers for cocaine dependence are discussed across a range of methodological approaches. A possible cocaine-dependent clinical outcome assessment (COA)-another type of defined DDT-is also discussed. At present, biomarkers for cocaine dependence are in their infancy. Much additional research will be needed to identify, validate, and qualify these putative tools prior to their potential use for medications development and/or application to clinical practice. However, with a large unmet medical need and an estimated market size of several hundred million dollars per year, if developed, biomarkers for cocaine dependence will hold tremendous value to both industry and public health.
INTRODUCTION
Substance use disorders (SUDs) not only have dire consequences on an individual's health, but also significantly on our society, economy, healthcare, and criminal justice systems. It has been estimated that SUDs cost the United States nearly $500 billion per year . There remain surprisingly few FDA-approved medications for SUDs, despite an improved understanding of the biological underpinnings of these disorders, as well as the cost to both an individual, and society at large. Whereas some medications exist for SUDs like tobacco-, and opiate-dependence, there are no FDAapproved medications for cannabis-, methamphetamine-, or cocaine dependence.
SUDs are characterized by drug abuse and dependence. As an individual becomes increasingly dependent on a drug, discontinuation of the abused drug leads to withdrawal symptoms, such as dysphoria. The development of dependence has been conceptualized as a neurobehavioral disorder that advances from impulsive drug use to compulsive drug abuse. This transition moves through four distinct stages: (1) experimental use, (2) regular use, (3) daily preoccupation, and finally, (4) dependence. In clinical trials, patients are routinely screened using Diagnostic and Statistical Manual of Mental Disorders Version-IV (DSM-IV) criteria for cocaine dependence (Association AP, 2000) . As this review is largely focused on highlighting the means to enhance translational drug development, we will use the term 'cocaine dependence' instead of 'cocaine addiction'.
For this review, the authors have taken a narrative approach based primarily on the authors' own research, with an attempt to include work of other researchers in the field in order to provide a more balanced review of the literature. This paper focuses on several broad areas of potential biomarkers for cocaine dependence, beginning with an overview of different types of biomarkers that can be assessed and the challenges and potential utility for biomarkers for cocaine dependence. Specific biomarkers and clinical outcome assessments are then discussed, based on the types of drug development tools (DDTs) presented in Figure 1 . Some of these biomarkers are more amenable to cross-species translational work. Others (such as clinical outcome assessments and brain proteomics) can only be used in humans or animal models. Overall, the field is in its infancy and much work remains to be done. Toward this, perspectives from industry and the FDA are included as part of future considerations. As scientific understanding continues to expand rapidly, the development of DDTs such as biomarkers are likely to increase the efficiency by which new therapeutics for SUDs are developed. The advent of new, more effective therapeutics for SUDs aids the treatment of co-morbid psychiatric disorders, and ultimately improves public health.
Developmental Challenges Surrounding Medications for Substance Dependence
Multiple issues likely contribute to the lack of novel treatments for substance dependence. First, there is the prospect of a low return on investment for any new medication. It was recently reported that as increasing numbers of patents expire, large pharmaceutical companies will only be able to recover 26 cents per dollar invested, or o0.3% return on new product revenues (Esserman and Woodcock, 2011; Paul et al, 2010) . This is perhaps best illustrated by the recent discontinuation notices from several psychotherapeutic drug development programs in industry (eg, GlaxoSmithKline, Astra-Zeneca, and Cephalon) . Second, there are the overall costs associated with developing a safe and effective medication, which have traditionally been estimated to be $1-1.8 billion, whereas more recent estimates put the cost between $4-11 billion per new drug approval, and requiring an average of 13.5 years from start to finish (Paul et al, 2010) . These ever-increasing expenses limit drug development to fewer and fewer large-cap pharmaceutical companies. A third obstacle is the perceived market size. There is a market, as well as a large unmet medical need for medications to effectively treat SUDs. Given that market sales for Suboxone (a treatment for opioid dependence) was greater than $1.2 billion in 2011, the development of novel medications for other SUDs such as cocaine dependence where no treatments currently exist is clearly warranted . In 2010, nearly one million Americans aged X12 met the DSM-IV criteria for cocaine dependence. Moreover, out of the four million drug-related emergency-department visits made in the US in 2010 by patients aged X21, 1.9 million involved drug misuse or abuse. In 39.4% of those visits cocaine was the most commonly involved illicit drug (SAMHSA, The DAWN report, 2012) . There is clearly a market and a significant health need for pharmaceutical companies to move past the purported 'negative connotation' that is commonly associated with the development of a treatment for the dependence on an illicit substance such as cocaine. Finally, among all the external challenges the industry faces in bringing a medication to market, the lack of developmental efficiency is of paramount importance (Paul et al, 2010) . At present, only 6-8% of CNS compounds that make it to clinical development are ultimately approved. For SUDs, this is further complicated by the vast biological heterogeneity associated with disorders of the central nervous system, as well as the diverse assessments various stakeholders might have for a potential treatment (ie, patients, caregivers, physicians, insurance payers, and pharmaceutical companies). In addition, it is noteworthy that the National Institutes of Health established the National Center for Advancing Translational Sciences, to 'transform the translational science process so that new treatments and cures for disease can be delivered to patients faster' in December 2011.
Role for Biomarkers in Translational Drug Development
The clinical diagnosis of SUDs such cocaine dependence currently relies on medical history, physical examination, self-report questionnaires, and/or urine-drug screens (UDS). However, UDS are limited to only being able to assess relatively acute drug intake (Neumann and Spies, 2003) . For example, a UDS measures the presence of benzoylecgonine, the primary metabolite of cocaine directly. Yet, even in the same individual, UDS results can vary considerably depending on when and how the test is performed. Benzoylecgonine concentrations will be the highest if the sample is collected as part of the first urination after waking, whereas testing at other times of the day will yield benzoylecgonine concentrations that can vary widely. Also, UDS measures the results of drug use but not the underlying neurobiology that is the target for medications for SUDs.
One way for significant advances in basic science to be translated into new opportunities for medication development is through the identification of DDTs, biomarkers being a prime example. As defined by the FDA (Figure 1 ), a biomarker is a 'characteristic that is objectively measured and is an indicator of normal biological processes, pathogenic processes, or biological responses to a therapeutic intervention.' There are several types of biomarkers including: mechanistic, diagnostic, prognostic, pharmacodynamic, and predictive ( Figure 1 and Text Box). Diagnostic biomarkers can be used to stratify patient populations into personalized treatment regimens, whereas predictive biomarkers can forecast a pharmacotherapeutic response (positive or negative). A diagnostic biomarker could be used to minimize decision-making ambiguity in clinical trials, allow for improved patient prognosis, and a greater understanding of a drug's mechanism(s) of action. More specifically, improved biomarkers could help to: (1) more objectively diagnose the heterogeneous diseases, such as cocaine dependence, (2) improve signal detection to assess more efficiently small treatment effects, and (3) better characterize patient (sub)populations to more efficiently test (stratify) and optimize subsequent treatment regimens. Tailoring therapies to the appropriate patient population may be the best way to evaluate a medication earlier in the phases of drug development, before the putative medication is advanced to later and more costly stages (ie, Phase II/III), where there has traditionally been a low likelihood of success (Paul et al, 2010) .
CLINICAL OUTCOME ASSESSMENT: THE CSSA
As defined by the FDA, a Clinical Outcome Assessment (COA) is an evaluative tool that 'directly or indirectly measures how patients feel or function and can be used to determine whether or not a drug has been demonstrated to provide a treatment benefit. COAs can also measure a safety benefit (eg, fewer side effects) compared with other treatments' (FDA Guidance for Industry: Qualification Process for Drug Development Tools, 2010). COAs are distinguished according to who is doing the reporting of the outcome: (1) patient-reported assessments, (2) observer-reported assessments, or (3) clinician-reported . Biomarkers are classified into two primary tracts-'descriptive' and 'mechanistic'. Descriptive biomarkers are indirect, consequential correlates of the underlying pathophysiological processes. Mechanistic biomarkers represent a direct measure of the pathophysiological underpinnings of the disease process (see also 'Future Directions'). Mechanistic biomarkers provide a foundation from which other types of biomarkers can be developed and are hence more 'actionable'. Actionable biomarkers depicted have several possible clinical applications, and these types of biomarkers are hierarchically arranged. Predictive and pharmacodynamic (PD) biomarkers are measures of a therapeutic response (ie, light red box), whereas prognostic, toxic, and diagnostic markers are biological measures alone (ie, dark red box) (see also Text Box). As an example, a prognostic biomarker might provide a prodromal measure enabling physicians an opportunity to identify and medically manage individuals prior to the potential development of a substance use disorder (SUD). Otherwise, optimally, a predictive biomarker could help tailor the right drug to the right patient, at the right time by predicting disease progression (right patient), providing pharmacodynamic (PD) information to facilitate a therapeutic assessment of safety/efficacy (right drug), and predicting which individuals might respond to a particular therapy (right time). Ultimately, it is these biomarkers that are on the mechanistic pathway that will offer the greatest value for enhanced drug development and personalized medicine. Boxes in the left column refer to those methodologies as described within the text; solid lines refer to those approaches with some preliminary associations for a specific type of biomarker (see text); dotted lines refer to theoretical links across the various approaches (boxes). Within the context of the DDTs, the Cocaine Selective Severity Assessment (CSSA) is most appropriately described as an observer-or clinical-reported Clinical Outcome Assessment (COA) (see text). *Although they are one type of FDA-defined DDT, animal models (right column) are not discussed herein and this portion is therefore grayed out.
assessments. In this regard, the Cocaine Selective Severity Assessment (CSSA) may hold promise as an indicator of treatment benefit.
A cocaine withdrawal syndrome was first described in 1986 (Gawin and Kleber, 1986) . The CSSA was developed as an observer-based assessment to measure symptom severity by investigators at the University of Pennsylvania. It is an 18-item interviewer-administered questionnaire. Items include, for example: (1) lethargy, (2) sleep changes, (3) appetite changes, (4) irritability, (5) depressed mood, (6) anxiety, (7) cocaine craving, (8) inattention, (9) paranoia, and (10) HR changes (eg, bradycardia). Items are measured on a 7-point scale, making the maximum CSSA score 112. The CSSA has been found to be a valid and reliable indicator of cocaine withdrawal syndrome, and is highly correlated with cocaine dependence severity when measured by the addiction severity index (ASI) composite drug score (Kampman et al, 1998) .
CSSA scores have also been shown to predict treatment outcome. Data from multiple trials have shown that patients who enter treatment with more severe cocaine withdrawal symptoms as measured by the CSSA scores do poorly (Kampman et al, 2001; Kampman et al, 2002; Mulvaney et al, 1999) . For example, CSSA scores may predict response to treatment with the anticonvulsant drug topiramate. In a 13-week trial, 170 cocaine-dependent patients were randomly assigned to topiramate or placebo. The percent of patients abstinent during the last 3 weeks of the trial was significantly different between the two groups, where 20% of the topiramate-treated patients were cocaine abstinent, compared with 7% of placebo-treated patients. Cocaine withdrawal symptoms were determined to be among the best predictors of a positive treatment response. The patients more likely to respond to topiramate had higher CSSA scores, and thus predicted to have more severe cocaine withdrawal symptoms. Patients who had CSSA scores in the highest percentile who were being treated with topiramate had twice as many cocaine-negative UDSs, and 29% remained abstinent during the last three weeks of the trial. Comparatively, only 3% of the placebo-treated subjects remained abstinent during the same timeframe (Kampman et al, 2011) . Also during this trial of cocaine-dependent patients, topiramate treatment was associated with reductions in three individual items from the CSSA: energy level, activity level, and attention. On average, patients treated with topiramate were more likely than placebo-treated patients to report greater energy, more activity, and a greater ability to focus.
At the University of Pennsylvania Treatment Research Center, the CSSA is used in all the clinical trials, making it possible to evaluate the CSSA, as well as individual items included in the CSSA, as predictors of outcome in outpatient cocaine pharmacotherapy trials (Table 1) . Data from seven clinical trials, each of them between 7-12 weeks in duration, were included. We limited the trials to those that involved only cocaine-dependent patients, patients with co-morbidities were not allowed. We included patients assigned to either placebo or active medications as none of the medications evaluated turned out to be significantly better than placebo. For predictor variables we used items from the baseline ASI, the baseline UDS and CSSA scores obtained at baseline. For outcome variables we used either 3 weeks of continuous abstinence, defined by all negative and no missing UDSs, a 50% reduction in the ASI composite drug score, or no self-reported cocaine use measured by timeline follow back (TLFB) in the last 4 weeks of the trial.
Four-hundred and two cocaine-dependent subjects were included. The average age of the subjects was 39. They were mostly African-American men (81%) who smoked crack cocaine (87%). They used cocaine about 13 days in a month and spent about $600 a month for cocaine. They had about 10 years of regular cocaine use. The average ASI composite drug score at baseline was 0.230. The average baseline CSSA score was 27.
We evaluated our predictors using logistic regression with the three outcome measures: 3 weeks clean at any point in the trial determined by UDS results, a 50% reduction in ASI composite drug scores from baseline to the end of trial, and self-reported abstinence during the last 4 weeks of the trial.
Results of the logistic regression showed that the 7 ASI composite scores obtained at baseline were not consistent predictors of outcome. We then looked at demographic and drug use variables from the ASI, the initial UDS and baseline CSSA scores. The strongest and most consistent BOX 1 Definitions of the Types of Biomarkers Discussed.
Mechanistic Biomarker
A key molecular pathophysiological process underpinning the disease. This information could be used to molecularly classify a heterogeneous phenotype such as cocaine dependence.
No therapeutic intervention is involved.
Toxicity Biomarker
A non-mechanistic, consequential measure of biological effects incurred from a disease (e.g., chronic cocaine abuse).
Diagnostic Biomarker
A mechanistic measure of a disease phenotype used to define the onset/course of a specific clinical outcome. This information could be used to stratify patient populations into the most appropriate treatment cohorts.
Prognostic Biomarker
A 'risk' measure that indicates the likely progression of a disease within a patient population.
Pharmacodynamic (PD) Biomarker
A pharmacotherapeutic measure that could be used to assess clinical efficacy.
This type of information could be used to define a dose-response in vivo.
Predictive Biomarker
A measure that indicates whether a patient is likely to respond positively or negatively to a drug prior to treatment.
predictors of outcome were the CSSA scores and the results of the initial UDS (Table 1) .
We then put all the predictor variables into a backward logistic regression. The final model for predicting 3 weeks of continuous abstinence included: age, days of cocaine use in the prior 30 days, CSSA scores, and initial UDS. The model correctly predicted outcome in 79% of cases. Overall, the sensitivity (96%) and positive predictive (81%) value were high such that patients with frequent use, high CSSA scores, and a positive UDS were unlikely to achieve 3 weeks of abstinence. However the model is less effective at identifying patients likely to do well (specificity 18% and negative predictive value 58%). For predicting 50% reduction in ASI composite drug scores, the items included in the final model were a bit different and included: age, years of education, years of alcohol use, CSSA scores, and ASI employment composite scores. For this model sensitivity was 81% and specificity 39%. The model correctly predicted outcome in 64% of cases. For prediction of self-reported abstinence at the end of the trial, predictors in the final model included: days of cocaine use, UDS results, CSSA score, and the ASI composite family social score. Sensitivity was 91%, specificity 36%, and positive predictive value 75%. The model correctly predicted outcome in 74% of cases. For all three outcomes the baseline CSSA score was a significant predictor of outcome. In subsequent analysis we looked at the 18 individual CSSA items as predictors on their own. Few were consistent predictors of outcome. However, there were three items that were predictors, the two craving measures: (1) craving intensity (po0.001), (2) craving frequency (p ¼ 0.003), and one withdrawal physical sign, Table 2 ). Patients with low heart rates did more poorly in treatment, suggesting that bradycardia itself could be a potential biomarker as discussed further below.
CARDIOVASCULAR BIOMARKERS
The acute effects of cocaine on the cardiovascular system are well established. Cardiovascular function is acutely impacted by cocaine in two main ways (Schwartz et al, 2010) . First, cocaine acts as a stimulant in the sympathetic nervous system, increasing catecholamine levels, heart rate (HR), blood pressure, and myocardial contractility. These actions collectively result in an increase in oxygen demand. At the same time, these actions also produce vasoconstriction, which limits oxygen supply and subsequently increases the risk of ischemia or infarction. Second, cocaine acts as an anesthetic, blocking both sodium and potassium channels in myocardial tissue to inhibit normal contractile function. These effects are capable of inducing arrhythmias that appear on the electrocardiogram (ECG) as a prolongation of the QRS and QT intervals (Haigney et al, 2006; Magnano et al, 2006) .
The chronic effects of cocaine on the cardiovascular system are more complex, and not as well defined. It has been well established that long-term cocaine abuse is associated with the development of various cardiac pathological conditions, including accelerated hypertension, coronary atherosclerosis, left ventricular hypertrophy, and myocarditis. These conditions appear to be correlated with Only the initial urine-drug screen (UDS) and the initial Cocaine Selective Severity Assessment (CSSA) score were significant predictors for all three models.
the prevalence of cocaine-associated chest pain reported in emergency department patients (Hollander et al, 1995; Maraj et al, 2010; Phillips et al, 2009; Qureshi et al, 2001; Schwartz et al, 2010) . In view of these cocaine-related effects, it seems reasonable to consider how cardiovascular measures may be utilized as a putative biomarker for cocaine dependence.
Bradycardia as a Potential Diagnostic Marker of Cocaine Dependence
Bradycardia is measured in the CSSA by a 7-point scale: 0 (464 bpm), 1 (64-63 bpm), 2 (62-61 bpm), 3 (60-59 bpm), 4 (58-57 bpm), 5 (56-55 bpm), 6 (54-53 bpm), and 7 (o53 bpm). In the analysis of the 402 cocaine-dependent subjects who completed the CSSA at the Penn Addiction Research Program, the percent of patients achieving a successful outcome was compared by w 2 with bradycardia dichotomized at the 75th percentile (score of X3 vs o3). A heart rate of p60 was a significant predictor of the inability to achieve X3 weeks of continuous abstinence (p ¼ 0.01), and a significant predictor of not achieving 4 weeks of selfreported abstinence at the end of the trial (p ¼ 0.003) (Figure 2 ). In order to determine whether bradycardia at the start of treatment was a cocaine withdrawal effect or a stable trait of poor performers, we evaluated patients who had the lowest heart rates and looked at their heart rate after they had achieved 3-5 days of cocaine abstinence verified by a negative UDS. We found that heart rates increased with abstinence in this case shown by a lower bradycardia score (Figure 3 ), suggesting that bradycardia may be related to cocaine withdrawal.
To further assess the relationship between cocaine withdrawal and bradycardia, we examined ability of bradycardia to predict 3 weeks of continuous abstinence from cocaine, controlling for baseline UDS results and days of cocaine use in the 30 days prior to treatment. In the final regression model, days of cocaine use had a Wald coefficient of 12.9 (po0.001), initial UDS had a Wald coefficient of 13.8 (po0.001), and bradycardia had a Wald coefficient of 6.3 (p ¼ 0.012). Bradycardia remained a significant predictor controlling for 'recency-of-use'. Therefore, bradycardia appears to be an important part of the cocaine withdrawal syndrome and predictive of outcome on its own.
At the University of Texas-Houston Center for Neurobehavioral Research on Addictions, the role of electrocardiograms (ECG) parameters has also been diagnostically characterized in cocaine-dependent subjects (Sharma et al, 2011 (Sharma et al, , 2012 . Based on evidence of a relationship between repeated exposure to cocaine and eventual myocardial b-adrenergic receptor downregulation, it was hypothesized that chronic cocaine users would present with a higher incidence of ECG-measured sinus bradycardia compared with non-drug-using controls. This study used a retrospective chart review methodology to examine ECG recordings taken from 195 cocaine-dependent subjects. All patients meeting criteria for current DSM-IV-defined cocaine dependence over the age of 18 were eligible for inclusion; those with concomitant illicit opiate, benzodiazepine, amphetamine or methamphetamine use, as verified by serial urine toxicology testing were excluded. For additional controls, de-identified ECG data from 1296 gender-and race-matched subjects were reviewed using the publically available data set from the NIH/National Heart Lung and Blood Institute Atherosclerosis Risk in Communities (ARIC) study. Standard 12-lead ECGs were reviewed by two independent and experienced cardiologists. Sinus bradycardia was defined as a heart rate (HR) o60 beats per minute (bpm); severe bradycardia was defined as HR o50 bpm. Cocaine-dependent subjects provided information regarding duration of cocaine use (years) and frequency of recent use (positive days in past 30 as measured by a UDS for benzoylecgonine). Analysis of variance with age as a covariate showed that cocaine-dependent subjects exhibited significantly lower HRs (M ¼ 60.5 ± 10.0 bpm; range 38-95 bpm) compared with controls (M ¼ 66.1 ± 9.8 bpm; range 36-120 bpm; po0.001). As shown in Figure 4 , the proportion of subjects with HRs o60 bpm was higher for cocaine-dependent subjects, where bradycardia was present in 54.4% of cocaine-dependent subjects compared with only 22.8% of controls. Similarly, the proportion of cocaine-dependent subjects with severe bradycardia was significantly higher in cocaine-dependent subjects (14.9%) compared with controls (5.1%; po0.001).
These data support an association between chronic cocaine use and severe bradycardia. One potential cause of this association is a physiological response to the desensitization and downregulation of myocardial b-adrenergic receptors after repeated and prolonged stimulation. Dysregulation of b-adrenergic receptors has been identified as an important variable in cardiac failure (Muthumala et al, 2008) . It is possible that bradycardia may be a candidate for a physiologically descriptive (see Figure 1) biomarker for cocaine dependence.
The data presented here provides evidence to support further research on the development of cardiovascular biomarkers for cocaine dependence. It is clear that both acute and chronic exposure to cocaine produces measurable changes in both heart rate and other ECG parameters. As cardiovascular measures are non-invasive, inexpensive, and part of a routine medical evaluation, they would be easily adapted for use as a biomarker. Further research is required in order to determine which cardiovascular measures could become biomarkers for cocaine dependence. Although heart rate and bradycardia have been the focus of our discussion here, other ECG-derived parameters (eg, systolic/diastolic function, LVH, QTc interval, QRS complex, early repolarization) and/or non-ECG parameters (eg, cardiac stress testing) await future exploration.
NEUROIMAGING BIOMARKERS
As with many types of biomarkers for cocaine dependence, brain imaging is primarily used as a mechanistic biomarker. However, there is emerging evidence from neuroimaging studies that suggest these measures may have utility as biomarkers for toxicity, prognosis, or pharmacodynamics.
MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) is used clinically to analyze brain structure to assess pathology associated with brain disease processes. However, MRI can also be used as a measure of health benefits during treatment. As discussed by Winchell et al (2012) , 'The aim of treatment is often expressed as an effort to modifying patients' drug use behavior, but the desired effect is improvement in physical and psychosocial consequences.' Documentation of benefits of pharmacotherapy for cocaine dependence on the structure and function of the brain remain in the early stages of research, but they may become critical in the justification of its use as a potential therapeutic.
Utilizing fMRI as a Biomarker for Cocaine Dependence
Functional MRI (fMRI) provides information about brain function in cocaine-dependent individuals during performance of specific tasks that are related to drug dependence or during a resting state. There are a number of fMRI studies examining basic brain mechanisms associated with cocaine dependence that would fall under the mechanistic biomarker category (Breiter et al, 1997; Hester and Garavan, 2009; Li et al, 2000; Maas et al, 1998; Tomasi et al, 2007) . More recently, several studies have begun to use fMRI as a potential predictive biomarker of treatment response. Brewer et al (2008) scanned 20 treatment-seeking, cocaine-dependent subjects prior to initiating treatment with behavioral and pharmacotherapy. Subjects performed a Stroop task in the fMRI scanner at baseline prior to treatment. The Stroop task is a measure of cognitive control, which is impaired in cocaine users. Subjects were then randomized into cohorts receiving behavioral therapy or the pharmacotherapeutic disulfiram (Antabuse). Results Pulse >60 * * Pulse ≤60 Figure 2 . A heart rate of p60 beats per minute (bpm) was a significant predictor of the inability to achieve X3 weeks of continuous abstinence (p ¼ 0.01), and a significant predictor of not achieving 4 weeks of selfreported abstinence at the end of the trial (p ¼ 0.003).
of this study showed that the percentage of drug-free UDSs during treatment correlated with striatal activation at baseline; the cocaine-dependent subjects who had a higher striatal activation level at baseline showed the highest percentage of negative UDSs. In addition, a longer duration of self-reported abstinence correlated with activation of ventromedial prefrontal cortex, left posterior cingulate cortex, and right striatum. Finally, treatment retention was correlated with diminished activation of the dorsolateral prefrontal cortex at baseline. The authors concluded that treatment outcome was correlated with brain activation patterns of circuitry known to be important for cognitive control (Brewer et al, 2008) . Moeller et al (2010) studied predictors of treatment response to medications by having cocaine-dependent subjects undergo an fMRI scan while performing a working memory task at baseline prior to treatment. A working memory task was chosen because it is known that dopamine is related to working memory and dopamine function is affected by chronic cocaine use (discussed in detail in the Molecular Imaging section below). Nineteen treatmentseeking, cocaine-dependent subjects were compared with 14 non-drug-using controls. After undergoing the fMRI scans, cocaine-dependent subjects were randomized to treatments that included cognitive behavioral therapy or several different medications. Results of the study showed that cocaine-dependent subjects had significantly lower brain activation in the caudate/putamen, cingulate gyrus, inferior, middle and superior frontal gyri, thalamus, and subthalamic nuclei compared to non-drug-using controls. Within cocaine-dependent subjects, activation in the thalamus significantly correlated with subsequent treatment response as measured by a treatment effectiveness score (TES) (Spearman r ¼ 0.642, uncorrected p ¼ 0.003, Bonferroni corrected p ¼ 0.037). The conclusions of the study were that cocaine-dependent subjects exhibit an alteration of brain function in the frontal, striatal, and thalamic brain regions in a circuit associated with motor control, reward, and cognition. Subjects with pretreatment thalamic deactivation showed the poorest subsequent treatment response. The thalamus has substantial dopaminergic innervation from the striatum, and molecular imaging studies (described below) have shown that cocaine users have reduced dopamine release and D2 receptor binding in the striatum. Thus, the fMRI findings in the thalamus could be related to thalamic involvement in mesocortical and mesolimbic dopamine projections. However, this remains to be determined.
A third study by Moeller et al (2012b) used fMRI to evaluate 15 treatment-seeking cocaine-dependent individuals at baseline and 6-month follow-up. Subjects underwent fMRI scans using a drug Stroop task at baseline and follow-up. Results of that study found that brain activation in the midbrain and thalamus were higher (and more positively correlated) at 6-month follow-up than baseline. In addition, there were correlations between increased midbrain activity and reduced simulated cocaine choice, and normalization of midbrain activation at 6-month follow-up was suggested by an exploratory analysis. Most recently, researchers have examined whether baseline fMRI of cocaine-dependent subjects performing a cocaine Stroop task was predictive of treatment outcome at 3 months (Marhe et al, 2013) . A final sample of 26 cocaine-dependent subjects underwent baseline scans during cocaine detoxification and then was seen after 3 months for the assessment of drug use. Patients underwent various outpatient treatments during the 3-month time period between scans and the follow-up assessment. Results of this study showed that there were two significant predictors of treatment outcome on a step-wise regression: (1) cocaine craving and (2) brain activation on fMRI in the right dorsal anterior cingulate. When combined, both predictors accounted for 45% of the variance of cocaine use. These data collectively support the potential of fMRI brain activation as a predictive biomarker for cocaine dependence.
Utilizing fMRI as a Potential Pharmacodynamic Biomarker
fMRI has also been used as a pharmacodynamic biomarker to determine the mechanisms of treatment response of medications in the brain. Ersche et al (2010) administered a dopamine antagonist (amisulpride) and a dopamine agonist (pramipexole) to stimulant dependent subjects undergoing fMRI while performing a drug word Stroop paradigm. Results showed that drug users had an 'attentional bias' for drug-related words, which was correlated with greater activation of prefrontal and cerebellar cortices. Dopaminergic medications affected brain activation differentially in subjects with higher vs lower compulsivity as measured by the Obsessive Compulsive Drug Use Scale. Subjects with high compulsivity showed increased brain activation after pramipexole, whereas those subjects with lower compulsivity had reduced brain activation after pramipexole. . Among subjects with the lowest heart rates at the start of treatment, heart rates increased significantly (lower CSSA bradycardia score) after 3-5 days of abstinence verified by a negative urine-drug screen (UDS). Bradycardia acts like a withdrawal sign.
An fMRI study of the effects of the wakefulnessenhancing medication modafinil on brain activation while performing a cocaine cue task in cocaine users was carried out by Goudriaan et al (2013) . In that study, cocaine users showed higher brain activation in prefrontal cortical regions and striatum than controls while watching cocaine-related pictures. After modafinil administration, there were no significant differences between cocaine users and controls in brain activation, suggesting a 'normalization' of brain function by modafinil. Another study of the effects of a novel adenosine A2A antagonist (SYN115) on fMRI brain activation while subjects performed a working memory task was carried out by Moeller et al (2012a) . In that study, there was significantly greater brain activation after SYN115 in several brain regions, including the orbitofrontal cortex and insula, suggesting that SYN115 produced brain changes consistent with enhancement of dopamine function via adenosine A2A receptor blockade. These studies provide evidence that fMRI can be used as a pharmacodynamic biomarker to aid in medication development for cocaine dependence.
Overall, there is an expanding literature showing a relationship between fMRI brain activation and treatment outcome in cocaine dependence. Emerging data support a potential role for fMRI as a pharmacodynamic and a predictive biomarker. These studies also point to brain mechanisms that may be important for treatment outcome, and thus could be useful in the medications development process, despite the current limitations. Only one study to date has examined the predictive validity of fMRI brain activation beyond the standard measures that may enhance clinical decision-making and data collection methods. Nevertheless, bearing these limitations in mind there is now some evidence that fMRI may be a useful predictive biomarker for cocaine dependence in the future.
Utilizing Diffusion Tensor Imaging as a Potential Toxicity Biomarker
Neural tissue consists of tightly packed and coherently aligned axons surrounded by glial cells that are often organized into bundles. Diffusion anisotropy is hindered perpendicularly to the bundles; cell membranes are mainly responsible for anisotropy. As measured by diffusion tensor imaging (DTI), fractional anisotropy (FA) is a percentile of reduction in random unrestrained motion of water molecules. A decrease in FA can be interpreted as less restraint of water molecules, and an alteration of underlying white matter structure (ie, pathology).
As a potential toxicity biomarker, several studies have used DTI to study white matter pathology in cocainedependent subjects. Lim et al (2002) performed DTI on 12 cocaine-dependent subjects and 13 age-similar control subjects. Results of that study showed that the cocaine-dependent 5.1 Figure 4 . The proportion of subjects with bradycardia (heart rateo60 bpm) and severe bradycardia (heart rateo50 bpm) in cocaine-dependent subjects and matched controls.
Biomarkers for cocaine dependence KJ Bough et al subjects had significantly lower FA in the frontal white matter compared with the controls. This finding was replicated in a second study performed by the same group (Lim et al, 2008) . Moeller et al (2005) performed DTI in 18 cocainedependent subjects and 18 healthy controls, focusing on the corpus callosum. Findings of that study were that cocaine-dependent subjects had lower FA in the anterior corpus callosum, and that within cocaine-dependent subjects there was a significant correlation between FA and impulsivity as measured by commission errors on a continuous performance test. This study lends support to the theory that at least some of the behavioral problems cocaine-dependent subjects exhibit are related to white matter dysfunction. Further support comes from a study evaluating a different group of 15 cocaine-dependent subjects and 18 control subjects. This study examined the relationship between DTI metrics and performance on the Iowa Gambling Task (IGT), a measure of decision making. Results showed that cocaine-dependent subjects displayed impaired IGT performance, and poorer decision making (Lane et al, 2010) . Whole-brain, voxelwise analysis of FA showed that cocaine-dependent subjects had lower FA and higher radial diffusivity in both frontal and parietal white-matter regions, as well as the corpus callosum. There was also a significant relationship between FA, radial diffusivity, and impaired decision making, such that subjects with evidence of impaired IGT performance exhibited lower FA and higher radial diffusivity. Other studies in cocaine-dependent subjects have shown increased radial diffusivity in cocaine users compared with controls, suggesting that altered myelin may be responsible for the DTI findings in cocaine users (Ma et al, 2009; Moeller et al, 2007) . At least one animal study also showed that chronic cocaine administration altered white matter myelin by reducing myelin basic protein ). These studies suggest collectively that DTI could be a potential toxicity biomarker for cocaine dependence.
Utilizing DTI as a Potential Predictive Biomarker
Most recently, studies have examined the relationship between DTI metrics and treatment outcome or abstinence in cocaine-dependent subjects as a predictive biomarker. A study by Xu et al (2010) examined the relationship between white-matter integrity as measured by DTI and treatment outcome in 16 cocaine-dependent subjects. DTI was performed at baseline prior to 8 weeks of therapy. Results of that study showed that self-reported abstinence and percent cocaine-negative UDS correlated significantly with baseline FA and radial diffusivity in several brain regions including the corpus callosum, frontal and parietal white matter. These results suggest that white-matter pathology as measured by DTI is predictive of treatment outcome in cocaine dependence. Bell et al (2011) compared DTI findings between 43 cocaine-dependent subjects with various lengths of abstinence with 43 non-drug-using controls. Results of that study showed that cocainedependent subjects had lower FA in several brain regions including the corpus callosum and superior longitudinal fasciculus. When separated into short-term, mid-term and long-term abstinent groups, cocaine users showed differences in white-matter FA across these groups in several brain regions. These results suggest that at least some of the DTI-measured white-matter pathology in cocaine-dependent subjects may be altered by abstinence.
MOLECULAR IMAGING
As with MRI, there is substantial literature on the use of molecular imaging as a mechanistic biomarker for cocaine dependence. Alterations in neurochemistry that occur in drug dependence in the human brain can be imaged with positron emission tomography (PET) or single photon emission tomography. These modalities use a radioactive marker attached to a ligand specific for brain receptors or transporters, which allow the measurement of these biomarkers of brain neurochemistry. Imaging studies of cocaine dependence have largely focused on the dopamine receptors of the striatum, such as the dopamine D2 family of receptors (referred to as D2). Overall, these studies show that dependence is associated with a reduction in D2 receptor binding. Receptor-binding levels are decreased in several SUDs, including cocaine-, alcohol-, methamphetamine-, and opiate dependence. The reduction in binding is relatively consistent, with decreases of B15-20% compared with matched controls. The behavioral significance of the decrease in D2 receptor binding has been investigated in studies of cocaine abuse in addition to imaging studies in non-human primates and non-addicted human volunteers.
Utilizing PET to Elucidate Mechanistic Biomarkers
Imaging studies in cocaine dependence show that low D2 receptor binding in the striatum, imaged during early or protracted withdrawal, is associated with decreases in activity in frontal brain regions that have been shown to have a key role in salience attribution (orbitofrontal cortex) and inhibitory control (anterior cingulate gyrus) (Volkow et al, 1998) . In rhesus monkeys, social stress is associated with lower striatal D2 binding in subordinate compared with that in dominant animals, and serves as a risk factor for increased cocaine self-administration (Morgan et al, 2002) . Meanwhile, rodents selected for impulsive behavior have lower D2 receptor binding, compared with nonimpulsive rodents, and show an increased propensity to self-administer cocaine (Dalley et al, 2007) . Importantly, both stress and impulsive behavior are associated with an increased risk of dependence in humans (Chambers et al., 2003; Poling et al, 2007) .
PET studies in healthy controls show that low D2 receptor binding is predictive of a pleasurable experience following the psychostimulant administration (Volkow et al, 1998) .
Additionally, studies in healthy controls with a family history of dependence (compared with controls without a family history) show that family history is associated with higher D2 receptor binding, suggesting that this may be a biomarker for resilience (Volkow et al, 2006) . Together, these studies suggest that low D2 receptor binding may serve as a risk factor for the development of dependence, although other studies have shown that cocaine self-administration itself also produces a decrease in D2 receptor binding (Nader et al, 2006) . These studies do indicate that low D2 receptor binding may be associated with a greater severity of disease and a propensity to initiate cocaine self-administration.
In addition to imaging the D2 receptor, PET can also be used to image dopamine release within the striatum. The D2 receptors are imaged before and after the administration of a stimulant, which causes the dopamine neurons to release dopamine (Breier et al, 1997; Laruelle et al, 1997; Volkow et al, 1994) . In drug and alcohol dependence, pre-synaptic dopamine release in the striatum is blunted compared with controls (Martinez et al, 2007a) . In healthy controls, a recent PET imaging study showed that increasing striatal dopamine with a stimulant challenge (amphetamine) resulted in a greater willingness to expend effort to obtain a reward (Treadway et al, 2012) , which is consistent with studies in rodents (Salamone et al, 2003) .
Imaging studies involving cocaine abuse show an inverse relationship to the one detailed above. Blunted pre-synaptic dopamine release, specifically in the ventral striatum, has been associated with increased cocaine-seeking behavior (Martinez et al, 2007b) . In this study, cocaine abusers underwent PET imaging scans to measure pre-synaptic dopamine release, followed by laboratory sessions in which the choice was presented between cocaine and an alternative reinforcer. The choices were weighted towards the money (which had a higher value than the dose of cocaine). The results showed that subjects with the lowest dopamine release in the ventral striatum were more likely to choose the cocaine. These results suggest that blunted pre-synaptic dopamine release in the ventral striatum is associated with an impaired ability to shift behavior in the setting of competing rewards in cocaine abuse. Notably, although studies have shown that other types of dependence are also associated with low dopamine release, a recent study in heroindependent subjects did not show a correlation between dopamine transmission and heroin self-administration (Martinez et al, 2012) . Thus, even though both cocaineand heroin dependence share the same striatal biomarker, low dopamine release in heroin abusers was not predictive of drug-seeking behavior, unlike the study of cocaine abusers.
Utilizing PET as a Potential Predictive Biomarker
Recent studies have begun to explore the use of molecular imaging as a predictive biomarker for cocaine dependence. An imaging study of treatment-seeking cocaine abusers used PET to image dopamine D2 receptors and dopamine release prior to 6 months of behavioral treatment (Martinez et al, 2011) . The behavioral treatment consisted of contingency management (CM) combined with community reinforcement approach (CRA). Cocaine-abusing participants were given vouchers (money) for abstinence as they attended clinic visits. Over time, the voucher became more and more valuable. The results of this study showed that subjects who responded to treatment had higher values of D2 receptor binding, and greater values of pre-synaptic dopamine release compared with the subjects who did not respond to treatment, and who relapsed within 2 weeks. Similar results have been shown in a study of methamphetamine abusers, where subjects who responded to treatment had both higher D2 receptor binding and dopamine release compared with subjects who did not respond (Wang et al, 2012) . Furthermore, in both the studies, the cocaine and methamphetamine abusers who responded to treatment did not differ from the control group with respect to measures of D2 receptor-binding and dopamine release.
Thus, these studies now show that there is a subgroup of addicted individuals who do not express the reduced D2 receptor binding seen previously with PET imaging. This subgroup is distinguished by the fact that they respond to behavioral treatments for drug dependence. In addicted individuals, intact dopamine signaling at the D2 receptor in the striatum appears to serve as a predictive biomarker for treatment response. When presented with alternatives to drug use, addicted individuals with intact dopamine release and D2 receptor binding mechanisms are capable of shifting their behavior away from taking drugs toward other reinforced behaviors. The unique contribution of dopamine function in risk for development and maintenance of cocaine dependence remains to be determined. More research is needed on the specific advantages of molecular imaging over other less costly measures as a potential predictive biomarker for cocaine dependence.
Potential Limitations of Neuroimaging Biomarkers
Brain imaging is becoming a commonly used tool in medication development for other central nervous system disorders, and there is increasing evidence of the utility of brain imaging in medication development for drug dependence (Wong et al, 2009 ). However, there are several issues that need to be addressed before neuroimaging biomarkers can be more widely applied. One obvious disadvantage of neuroimaging is its current relative costs. The high costs associated with both MRI and molecular imaging may limit this technology from being used in largescale clinical trials. In addition, further research will need to assess whether these measures (eg, fMRI) have predictive validity beyond more easily obtained assessments from other tissues (eg, blood). There is a need for further research on the reliability of these methods as a robust biomarker for cocaine dependence. Finally, the creation of neuroimaging standards for each of these types of biomarkers is vital. Studies to date have used a variety of behavioral tasks and imaging methods, making it difficult to compare results across studies. Having standardized methods will allow for easy comparison of results across studies and the appropriate development of biomarkers and their application to future drug development.
BIOMARKER DISCOVERY

Metabolomics
Metabolomics can be defined as a comprehensive analysis of the chemical products from a specific tissue. 'The analysis of the chemical fingerprints left by metabolic processes has already started to play a crucial part in personalized medicine, particularly cancer therapy' (Nature, 2010). Analytical samples can be taken from a variety of tissue types or media including brain tissue, CSF, blood, plasma, or urine to provide a map of the physiological processes and provide metabolic 'signature' associated with a clinical outcome. The most immediate and significant benefits of metabolomics are its ability to uncover underlying mechanisms of cocaine dependence (or other SUDs), identify potential biomarkers, and discover new therapeutic targets.
To date, very few studies have examined differences in metabolites between cocaine-dependent and control subjects. In an early metabolomic study of cocaine dependence, a targeted profile was created for 18 cocaine-dependent subjects (confirmed to be abstinent for 2 weeks prior to study) and 10 healthy controls (Patkar et al, 2009 ). Specifically, blood plasma metabolite differences related to tryptophan (serotonin and kynurenine), tyrosine (dopamine and catecholamines) and purine (adenosine, guanine, and xanthine) were analyzed. Relationships between observed metabolic changes and clinical outcomes of addiction were also assessed. Results of this study were that a consistent elevation in n-methylserotonin, a byproduct of serotonin, was positively correlated to chronic cocaine exposure. Together with xanthine, n-methylserotonin accounted for 73% of the variance in the severity of cocaine use, when measured by the ASI. Metabolomics data such as these can be used to characterize the mechanisms cocaine dependence or the reinforcing effects of cocaine dependence; however, as with other potential biomarkers for cocaine dependence, metabolomics is at an early stage of development.
Proteomics
Similar to metabolomics, proteomics provides a global biological assessment. This approach is designed for the analysis of coordinately expressed proteins, enabling an unbiased biological view of the proteome in order to delineate the multitude of neurobiological effects of drugs of abuse (Hemby, 2010; Matsumoto et al, 2007) . Quantitative protein expression data can offer valuable insight into underlying genomic, transcriptional, and post-transcriptional regulatory activity, as well as a more representative view of the disease phenotype. Given the heterogeneous nature of SUDs and our limited knowledge of the molecular pathology of this complex illness, these data will be particularly important for linking causal molecular mechanisms to a clinical outcome.
To be of maximum value, identified biomarkers need to demonstrate consistent responses across multiple species including humans. If a biomarker (or panel of biomarkers) can be identified across an array of animal species, these descriptors could offer insight into the underlying mechanisms of dependence and be utilized as an important tool for drug development. The use of brain tissue for proteomic studies necessitates the use of animal models for addictions. It is important to note that some animal models may be more closely related to human drug use behavior than others. Bearing these limitations in mind, proteomics have a potential to provide mechanistic biomarkers for cocaine dependence.
Rodent models. Studies have utilized proteomic technologies to examine protein changes in rodent models. Various aspects of cocaine dependence have been investigated including reward, rates of extinction, and reinstatement. In one recent study, Guan and Guan (2013) used conditioned place preference (CPP) to evaluate repeated-exposure, cocaine-induced reward effect in rats. Following preconditioning, rats were randomly divided into either a cocaine-(10 mg/kg/day) or saline-treated group, while CPP training was run for days 1-8. Protein expression profiles were assembled from tissue taken from rat medial prefrontal cortex (mPFC). Pathway analysis revealed the involvement of proteins in metabolism (27.5%), actin-cytoskeleton regulation (27.5%), and signal transduction (25%). These findings are in agreement with previous proteomics studies, suggesting both metabolic and mitochondrial dysfunction following chronic cocaine administration.
In , del Castillo et al (2009 analyzed proteomes taken from the nucleus accumbens (NAc) of rats undergoing different rates of extinction following cocaineinduced place conditioning. Rats were divided into four main groups: (1) those that did not extinguish and were administered cocaine (NEC), (2) those that did not extinguish, but were administered saline (NE SAL), (3) those that did extinguish and were administered cocaine (EC), and (4) those that did extinguish, but were administered saline (E SAL). Analysis revealed 18 proteins that were differentially expressed across the four groups, while comparison of E SAL and NE SAL revealed five proteins including four mitochondrial proteins and a nucleoside kinase. These changes were thought to be associated with extinction to cocaine-associated environmental cues.
A proteomic approach has also been utilized to identify proteins regulating reinstatement (Reissner et al, 2011) . There has been growing evidence in the literature reporting the involvement of cAMP and PKA as mediators of cocaine reinstatement. Following proteomic analysis, 42 proteins were identified in a postsynaptic density-enriched sub-fraction of the NAc.
Among these, AKAP79/150, a PSD scaffolding protein that localizes signaling molecules such as PKA and GluR1 to the synapse was shown to be increased following cocaine selfadministration. As cocaine-seeking is thought to require upregulation of AMPA receptors, this proteomic study helped to identify proteins that may contribute to relapse vulnerability within a specific sub-cellular proteome of the NAc. It also represents one of the more advanced studies that utilized proteomics in addition to other methodologies in order to uncover a specific mechanistic pathway thought to be involved in cocaine dependence.
Non-human primate and human studies. Olausson et al used multiple proteomic approaches in order to characterize putative changes in the proteome of the orbitofrontal cortex (OFC) tissue of juvenile Vervet monkeys that were thought to be correlated with observed cognitive deficits following cocaine administration (Olausson et al, 2007) . After behavioral analysis, differential expression of OFC proteins was compared with controls 3-4 weeks following the last cocaine administration. Synaptoneurosomes were isolated from the OFC of each monkey in order to reduce the complexity of the proteome and target a more specific cellular domain. Results revealed significant differences in proteins that are involved in cellular metabolic processes such as mitochondrial function, signal transduction, and cytoskeleton regulation. The effects of chronic intravenous cocaine self-administration on protein abundance and phosphorylation in the NAc of rhesus monkeys has also been investigated (Tannu et al, 2010) . In this study, 18 proteins were found to be differentially expressed in NAc tissue. A significant number of these proteins were either directly or indirectly related to the hyperglutamatergic state that was identified in both rhesus monkeys self-administering cocaine and cocaine overdose victims (Tang et al, 2003; Hemby and Tannu, 2009 ). Interestingly, the study identified several proteins and pathways that were identical or similar to those identified in cocaine overdose victims. Similar proteins included those involved in cell structure, synaptic plasticity, signal transduction, metabolism, and mitochondrial function. More specifically, glial fibrillary acidic protein, syntaxin binding protein 3, protein kinase C isoform, adenylate kinase isoenzyme 5, and mitochondrialrelated proteins were increased in monkeys self-administering cocaine, whereas beta-soluble N-ethylmaleimidesensitive factor attachment protein, neural, and non-neural enolase were decreased. As mentioned previously, the study also explored the phosphorylated proteome of the accumbens. Fifteen proteins were found to be differentially expressed between the groups. Protein levels that increased included GABA-A receptor-associated protein 1, 14-3-3 gamma protein, glutathione S-transferase, and brain type aldolase. Protein levels that decreased were beta-actin, Rab GDP dissociation inhibitor, guanine deaminase, peroxiredoxin 2 isoform b, and several mitochondrial proteins.
Together, these findings imply that there is a coordinate dysregulation of proteins that are related to cell structure, signaling, metabolism, and mitochondrial function which underlie long-term compromised cellular function in the frontal cortex and NAc following chronic cocaine exposure.
In order to identify potential candidates for biomarkers, the Hemby lab undertook a preliminary assessment of the plasma proteome in rhesus monkeys 15 days following the last self-administration session. Following plasma depletion of abundant proteins, fractions from each subject were compared using the 2D-DIGE proteomics platform to determine differences in the abundance levels of proteins in a pH range of 3-10 to elucidate possible biomarkers for cocaine withdrawal ( Figure 5 and Table 3 ). Note that the majority of the 20 differentially expressed proteins are low abundance compared with the total protein content.
There is growing evidence of the potential for proteomics to have a role in biomarker development for cocaine dependence. However, there are several issues that will need to be addressed in future research. In order to develop a panel of biomarkers for cocaine dependence, one must first determine the stage of dependence of interest. Clearly defined and agreed upon standards for sample collection, preservation, depletion of abundant proteins, separation, and mass spectrometry procedures need to be delineated (eg, those initiated by the Human Proteomics Organization) in order to ensure reproducibility and provide confidence in the candidate biomarkers that are identified.
Transcriptomics
Over the past decade, numerous studies have utilized high-throughput approaches to examine cocaine-induced changes in the brain. Transcriptomic technologies have been conducted to examine large-scale changes in all transcribed RNA following cocaine exposure. Genomicsbased studies have revealed novel mechanisms of druginduced neuronal-and non-neuronal dysregulation in both human and rodent postmortem brain tissue (Ahmed et al, 2005; Ang et al, 2001; Backes and Hemby, 2003; Hemby, 2004; Yuferov et al, 2005) .
Two groups of studies are highlighted here to exemplify the application of this approach. In the first example, mRNA-Seq libraries from the NAc were prepared from cocaine-, withdrawal-, and control groups of mice (EipperMains et al, 2013) . Expression of several GABA, glutamate, neuropeptides, and endocannabinoid receptors were altered after cocaine exposure. Drd2 expression in NAc increased significantly during withdrawal, which is consistent with the observations seen in the PET studies mentioned earlier.
Additionally, there was a sustained upregulation of many cadherin genes, but a sustained downregulation of many protocadherins. These data were consistent with human postmortem analysis of cocaine overdose tissue, albeit from different regions of the brain (Lehrmann et al, 2006; Mash et al, 2007) .
In the second example, B39 000 gene transcripts from the postmortem brains of human cocaine abusers were examined. These studies found that the expression of a group of myelin-related genes, including myelin basic protein, proteolipid protein, and myelin-associated oligodentrocyte basic protein was substantially decreased in cocaine abusers in the NAc (Albertson et al, 2004) . However, a follow-up study did not find changes in myelin-related gene expression in the NAc, but did find decreased expression of the transcript encoding PLP-1 in the caudate, putamen, and internal capsule (Kristiansen et al, 2009) . These findings are consistent with the neuroimaging (ie, DTI) findings of altered white-matter structure in cocaine users discussed above, thus indicating that myelin-related proteins may be a useful toxicity biomarker for future consideration, and illustrate the potential for combining types of biomarkers to aid in mechanistic biomarker discovery.
Genomics
Genetic factors represent B40-60% of the risk of developing a SUD . Accordingly, genetic variants are likely to be useful in understanding inter-individual differences that are relevant to risks for development of cocaine dependence, and improving our understanding of underlying differential responses to cocaine. Genetic biomarkers may also help in identifying a subpopulation of cocaine-dependent patients who are likely to respond to novel therapies. Whereas both preliminary pharmacogenomic genome-wide association studies and pharmacogenetic candidate-gene association studies show promise for elucidating potential mechanistic biomarkers, few predictive or prognostic biomarker studies have been completed in this area (Yuferov et al, 2010) .
A recent example of a study of a predictive genetic biomarker in cocaine dependence examined the relationship between genetic variation of the dopamine beta hydroxylase (DBH) gene and the response to the medication disulfiram. Several clinical trials have shown that disulfiram (Antabuse) reduces cocaine positive urines in cocainedependent subjects (Carroll et al, 2004; Carroll et al, 1998; Petrakis et al, 2000) . In addition to blocking the effect of acetaldehyde dehydrogenase (through which disulfiram produces the toxic reaction to alcohol), disulfiram has copper-chelating effects on several other enzymes, including DBH, which is the enzyme that converts dopamine to norepinephrine (Barth and Malcolm, 2010) . Brain imaging studies in cocaine users described previously showed that dopamine D2 receptor binding, and amphetamine-induced dopamine release, was reduced in the striatum, potentially leading to a 'reward deficient' state (Martinez et al, 2007b) . It was theorized that the dopamine-enhancing effect of disulfiram is the mechanism through which it has its treatment effect for cocaine dependence (Barth and Malcolm, 2010) .
A polymorphism of the DBH gene (variant C-1021T) has been shown to be associated with altered plasma levels of DBH (Zabetian et al, 2001) . In a recently published pharmacogenetic clinical trial of disulfiram for cocaine dependence, subjects with the CC DBH allele genotype (which is associated with normal levels of DBH) who were treated with disulfiram showed a significant reduction in cocaine-positive urines compared with CC DBH allele subjects treated with placebo. However, subjects with CT/ TT alleles (associated with lower levels of DBH) showed no difference in cocaine-positive urines, whether or not they were treated with disulfiram. Collectively, these data suggest that disulfiram treatment response is greater in cocainedependent subjects who have the normal level of DBH activity due to their particular genotype (ie, CC genotype) (Kosten et al, 2013) .
FUTURE RESEARCH DIRECTIONS
Cocaine dependence remains a disorder without an FDAapproved pharmacologic treatment. An effective drug product is needed to address this unmet medical need. As described in this paper, DDTs, CSSAs, animal models, and biomarkers hold great promise in facilitating drug development and enhancing clinical decision making. Yet, despite their potential, the field is in its infancy.
A Proposed Path Forward-Moving Proximally
Most putative biomarkers that have been identified to date can be classified as 'descriptive' (Figure 1 ), are largely symptomatic or 'distal' in nature (Figure 6) , and yet to be validated. Neuroimaging biomarkers such as molecular Figure 5. The plasma proteome of cocaine withdrawal. The identified protein spots exhibited differential intensity between acute cocaine withdrawal and control groups and are detailed below. Note that the majority of differentially expressed proteins are low abundance compared with the total protein content. (see also Table 3 ).
resonance imaging (eg, DTI) describe more of the overarching endophenotype associated with cocaine dependence, and are therefore better suited for characterizing symptomatic toxicity and/or efficacy once a SUD has developed. Whereas 'distal' markers hold great future value, molecular imaging techniques such as PET or molecular '-omics' will be able to establish more directly the underlying causal mechanisms of molecular interaction. The identification and validation of these 'proximal' biomarkers (ie, mechanistic biomarkers; Figures 1 and 6 ) will be pivotal for better defined decision-making points to enhance drug development as well as improve medical management of SUDs such as cocaine dependence.
A mechanistic biomarker will be of greatest potential benefit for pharmaceutical development if it can encompass at least three essential criteria (Figure 1 ). First, a mechanistic biomarker should be able to be measured both preclinically and clinically. Second, the putative biomarker should demonstrate involvement in the CNS. Third, Figure 6 . Distal vs proximal biomarkers for cocaine dependence.
pharmacokinetic-pharmacodynamic (PK-PD) responses for the putative biomarker should be scalable between pre-clinical and clinical models (Soares, 2010) . From there, the subsequent identification of potential 'actionable' biomarkers (eg diagnostic) can be developed (see Figure 1) (Robinson et al, 2013) . The application of one or more of these types of 'actionable' biomarkers will subsequently enhance the technical probability of success for an effective pharmacotherapeutic drug (or biologic) for cocaine dependence. Molecular diagnostic biomarkers could be used for patient selection to identify subpopulations with specific cocaine dependence endophenotypes. Prognostic biomarkers could be employed to improve clinical trial design (eg, stratification, patient selection, or enrichment) and optimize dosing. Pharmacodynamic biomarkers could be used for identifying target engagement, activity response, efficacy response, and safetyrelated response(s). Ideally, predictive biomarkers help tailor medical treatment to the individual by finding the patients who are likely to respond to a particular pharmacotherapy.
In summary, there is a growing body of evidence that DDTs such as biomarkers derived from cardiovascular, neuroimaging, and molecular techniques will enhance the efficiency of medication development for cocaine dependence. The major challenge of future research will be the considerable undertaking to systematically identify and evaluate potential mechanistic biomarkers and their potential role in medication development via well-defined preclinical and clinical studies. Most biomarkers to date are descriptive in nature, although studies continue to define potential mechanistic biomarkers. Validated mechanistic biomarkers will serve as the foundation for the identification of other 'actionable' diagnostic, toxic, prognostic, pharmacodynamic, and predictive biomarkers in order to enhance drug development. 'Basic biomedical science will [continue to] churn out candidate biomarkers with tantalizing potential to improve [drug development], whereas methods to use them effectivelyywill evolve more slowly. The balance between these forces may well determine the success or failure of the drug development enterprise over the next decade' (Woodcock, 2010) .
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